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ABSTRACT: Static and dynamic light scattering experiments were performed to char-
acterize the copolymer of tetrafluoroethylene (TFE) and perfluoromethyl vinyl ether
(PMVE). Solvents of perfluoro-2-butyltetrahydrofuran (FC-75) and Flutec PP11 (PP11)
were used to dissolve the TFE-PMVE copolymer. By taking advantage of the solvent
properties of FC-75 and PP11, homogeneous TFE-PMVE copolymer solutions were
specially prepared in a FC-75/PP11 mixed solvent. Such prepared solutions could
provide a strong enough scattered intensity for light scattering studies. The molecular
weight, molecular weight distribution, chain dimensions, and conformation were de-
termined for the TFE-PMVE copolymer in the FC-75/PP11 mixed solvent. A combina-
tion of viscosity and molecular weight measurements enabled the calculation of the &
value in the relation of 1, = & (M, )>* and thus the prediction of the molecular weight
of a given TFE-PMVE copolymer with the same composition by using only the simpler
and more readily available rheological measurements. © 2000 John Wiley & Sons, Inc. J

Appl Polym Sci 77: 733-739, 2000
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INTRODUCTION

Poly(tetrafluoroethylene)s (PTFEs) such as Tef-
lon” have excellent thermal stability, as well as
extreme chemical, solvent, and oxidation resis-
tance. However, they show poor melt processabil-
ity. To improve the melt processability and to
maintain those excellent desirable properties of
PTFE, many types of TFE-based fluorocopoly-
mers have been developed.’> Among them, copol-
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ymers of TFE and perfluoro(alkyl vinyl ethers)
[e.g., poly(TFE-co-perfluoromethyl vinyl ether)
(TFE-PMVE)] are an important type of perfluoro-
elastomers.® TFE-PMVE copolymers have low
glass transition temperatures (below 0°C) while
they still maintain high thermal stability up to
316°C. They are mainly used in sealing applica-
tions in hostile environments requiring extreme
resistance to oxidation, high temperature, aggres-
sive fluids, and chemicals. They are extensively
used in the semiconductor, aerospace, aircraft,
automotive, chemical, petroleum, and energy in-
dustries.

The molecular characterization of TFE-PMVE
copolymers is always of interest. However, it is
very difficult to obtain information on the molec-
ular weight and molecular weight distribution by

733



734 ZHOU ET AL.

conventional gel permeation chromatography
(GPC) because very few solvents are available.
Solubility is also very limited even if some sol-
vents can be used. Tuminello* reported some spe-
cial fluorocarbon solvents for dissolving flu-
oropolymers. High temperature laser light scat-
tering (LLS) was successfully applied to the
characterization of PTFEs with relatively low mo-
lecular weights.>® A centrifuge ball viscometer
was developed,” and the viscosity of high molec-
ular weight PTFE melts in the 107 g/mol range
was reported.®

In this article we present the LLS character-
ization of a TFE-PMVE copolymer. A suitable sol-
vent is required that not only dissolves the copol-
ymer but also provides a strong enough scattered
intensity from the solution. We tried two per-
fluoro solvents of Flutec PP11 (PP11, predomi-
nantly perfluoroperhydrophenanthrene) and
FC-75 (predominantly perfluoro-2-butyltetrahy-
drofuran) to dissolve the copolymer at high tem-
peratures. PP11 is a relatively good solvent for
the copolymer. Unfortunately, the refractive in-
dex increment from the copolymer solution in
PP11 is extremely small so that only very low
scattered light intensity can be detected, even
with very high solution concentrations. FC-75
may dissolve the copolymer at high temperatures,
but its relatively low boiling temperature of
102°C limits the dissolution temperature of the
copolymer. There were always some small swol-
len copolymer particles stuck on the glass bottle
wall, even though the copolymer solution in
FC-75 was stirred for a very long period of time at
80°C. We finally prepared the solution in a special
way by using a mixed solvent of FC-75/PP11 (see
the Experimental section). The apparent molecu-
lar weight, molecular weight distribution, and
chain conformation of the copolymer in the FC-
75/PP11 mixed solvent were determined by LLS.

EXPERIMENTAL

Materials

The FC-75 (Lancaster Synthesis Inc.) and PP11
(BNFL Fluorochemicals Ltd.) solvents were used
as received. These solvents have boiling points of
102 and 215°C, respectively. The TFE-PMVE co-
polymer sample was a powder supplied by E. 1.
Du Pont de Nemours and Co. Inc. Fourier trans-
form IR spectroscopy (FTIR, Bio-Rad FTS
3500ARX) was used to determine the copolymer

composition on about 0.1-mm films pressed at
250°C.° The absorption band at 2354 cm ™! was
used as an internal thickness standard. The
PMVE was determined from the absorption band
at 876 cm ™ '. The amount of PMVE in the copol-
ymer was determined to be 34.7 wt %.

Solution Preparation

The TFE-PMVE copolymer was first dissolved at
180°C in PP11 solvent at very high concentra-
tions. After being cooled to room temperature, the
FC-75 solvent was added to the concentrated so-
lution. The solution with the mixed solvent of
FC-75/PP11 was heated to 80°C and stirred for
4 h until the copolymer solution was completely
homogeneous. The resulting solution concentra-
tion was 1.0 X 10~ g/mL, and the FC-75/PP11
mixed solvent had a ratio of 96.0/4.0 wt %. The
refractive index and viscosity of such a mixed
solvent were measured to be 1.279 and 1.40 cP at
25°C, respectively. The stock solution was further
diluted to a series of solutions at different desired
concentrations by using the FC-75/PP11 mixed
solvent having the same composition of 96.0/4.0
wt % at room temperature. Four solutions at con-
centrations of 2.1 X 1074, 3.0 X 107%,4.2 X 104,
and 6.7 X 10~ * g/mL were obtained. These solu-
tions were clarified by using 1.0-um Millipore
Non-Sterile filters to remove dust.

LLS Measurements

A standard laboratory-built LLS spectrometer
equipped with a BI-9000 AT digital correlator
(Brookhaven Instrument Inc.) and a solid-state
laser (DPSS, Coherent, 200 mW, 532 nm) was
used to perform LLS studies at a scattering an-
gular range of 20-120°. The scattering cell was
held in a brass thermostat block filled with a
refractive index matching silicone oil. The tem-
perature was controlled to within = 0.05°C. The
differential refractive index increment (dn/dC)
value of the copolymer solution in the FC-75/PP11
(96.0/4.0 wt %) mixed solvent was measured by
using a Brice—Phoenix differential refractometer
(model Bp-2000-V) at a wavelength of 546 nm and
a temperature of 25°C.

Dynamic Rheological Measurements

Dynamic rheological measurements were per-
formed by using a Rheometric Scientific ARES
rheometer in the frequency-temperature sweep
mode. The TFE-PMVE copolymer powder was



first compression molded into a 25.4-mm diame-
ter disk of 1.0-mm thickness at 270°C by using a
Carver press. The sample disk was then placed
between two 25-mm diameter parallel plates and
heated to 250° under dry nitrogen gas in the rhe-
ometer. Dynamic mechanical properties were
measured at frequencies from 0.1 to 100 rad/s and
temperatures from 250 to 325°C with an incre-
ment of 25°C. The sample was allowed to equili-
brate for a long enough time at each temperature
before measurements. The employed strain was
sufficiently small to ensure that the measure-
ments were made in the linear viscoelastic re-
gime.

RESULTS AND DISCUSSION

The scattered light intensity of a polymer solution
is proportional to the (dn/dC)% It is known that
the difference in the refractive index between the
fluoro-containing polymer and the perfluorocar-
bon solvent is relatively small. Thus, an accurate
measurement of a small dn/dC value of TFE-
PMVE copolymer in the FC-75/PP11 (96.0/4.0 wt
%) mixed solvent is very important to achieve the
desired precision in the static LLS results. Figure
1 shows a plot of the differential refractive index
An (Nggiution — Msolvent) VETsus the solution concen-
tration C for the TFE-PMVE copolymer in the
FC-75/PP11 (96.0/4.0 wt %) mixed solvent ob-
tained at a wavelength of 546 nm and a temper-
ature of 25°C. The good linear relation of An ver-
sus C gave us a reliable slope value that yielded a
dn/dC value of 0.0497 * 0.0008 mL/g. Such a
dn/dC value is relatively small, but it is large
enough to provide sufficient scattered intensity
for LLS characterizations of polymer solutions
within an appropriate concentration range.

Static LLS Measurements

The angular dependence of the excess absolute
time-averaged scattered intensity, known as the
excess Rayleigh ratio R,,(g), was measured. For a
dilute solution the R, (q) can be expressed as

KC (1+1R2 2)+2AC 1
R.(q) m,\' T3 Ha ] 240D
where K = 47°n*(dn/dC)*/(NsA*) and q = (47n/
Msin(6/2) with n, dn/dC, N, A, and 6 being the
solvent refractive index, the specific refractive in-
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Figure 1 The plot of the differential refractive index
An (Nggiution — Msolvent) VErsus the solution concentra-
tion of the TFE-PMVE copolymer in the FC-75/PP11
(96.0/4.0 wt %) mixed solvent obtained at A = 546 nm
and T = 25°C.

0.0012

dex increment, Avogadro’s number, the wave-
length of the incident light in vacwo, and the
scattering angle, respectively. By measuring
R, (0) over a set of C and 6, we can determine the
weight averaged molar mass M,,, the root mean
square radius of gyration <Rg2>1/ 2 (written as R,),
and the second virial coefficient A, from a Zimm
plot that incorporates the C and 6 dependence of
KC/R,,(0) in a single grid. For large particles the
linear relation can only be suitable within gR,
< 1, so the extrapolation must be limited in a low
scattering angle region.

Figure 2 shows the Zimm plot of the TFE-
PMVE copolymer in the FC-75/PP11 (96.0/4.0 wt
%) mixed solvent obtained in a scattering angle
range of 20-110° and at concentrations of 2.1
X 107*t0 6.7 X 10~ * g/mL at 25°C. The KC/R,,,(6)
depended linearly on both sin?(6/2) and C. The
determined M, R,, and A, values from the ex-
trapolation of [KC/R,,(0)]y_o c—0, [KC/R, (0)]c_o
versus sin%(6/2), and [KC/R, ()], ., versus C were
7.1 = 0.4 X 10° g/mol, 37.6 = 2.5 nm, and 4.3
+ 2.0 X 107° g7 mol mL, respectively. With R,
= 37.6 nm, gR, < 1 was satisfied in the used
scattering angle region of 20-110°. It should be
mentioned that for copolymer solutions the deter-
mined M,, is an apparent value due to the com-
position heterogeneity of the copolymer. However,
for the TFE-PMVE copolymer the components of
TFE and PMVE have a similar refractive index
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Figure2 The Zimm plot of the TFE-PMVE copolymer
in the FC-75/PP11 (96.0/4.0 wt %) mixed solvent where
T = 25°C and C ranges from 2.1 X 10 *t0 6.7 X 10™*
g/mL.

(e.g., nprpe = 1.37 and nrpe pMVE copolymer ~ 135,
respectively) at 25°C.'° The mixed solvent effect

can also be neglected in the measurements be-
cause PP11 and FC-75 are both perfluoro solvents
and only 4.0 wt % PP11 was used in the mixed
solvent. The refractive index of the mixed solvent
is very close to that of pure FC-75 as measured
values of npc.75 = 1.276 and 7 ixeq solvent = 1-279,
respectively, at 25°C. Thus, the determined M,
value of 7.1 X 10% g/mol should be close to the
actual molecular weight of the copolymer.

Dynamic LLS Measurements

The intensity—intensity time correlation function
G?(t, ¢) in the self-beating mode was measured.
The G'®(t, q) can be related to the electric field
time correlation function g, q) as

G9(t, q) = A[1 + Blg™(t, @)|*] (2)

where A is the baseline, (8 is a parameter depend-
ing on the coherence of the detection, and ¢ is the
delay time. The g™(¢, ¢) is further related to the
characteristic line width (I') distribution G(I') by

g, q) :f G(M)e " dl 3

0

The function of g'V(¢, ¢) can be analyzed by using
a cumulants method'*!? to obtain the average I'
and the standard deviation for a polydispersed
polymer.

In[g™(t, @)1 = —(D)¢ + [1/(2)]pst®
—[1/BD]pgt® + -+ (4)

where

(ry = f@ I'G(I') dI” and

o = f (T = (T))*G(T") dT

0

The value of u,/(I')? reflects the polydispersity of
detected particles. The molecular weight distribu-
tion index can be estimated by using M,/M,, = (1
+ 4uy/(T)?).

The G(I') can also be calculated from a Laplace
inversion of G®(t, ¢) by a CONTIN program.'? If
the relaxation is diffusive, I" can be related to the
translational diffusion coefficient D as

I'/q*=D(1 + k,C)(1 + f(R2)q?) (5)

where %, is the diffusive second virial coefficient
and fis a dimensionless number related to hydro-
dynamic draining, internal motion, polydisper-
sity, and solvent quality.'* After knowing the D
value, the hydrodynamic radius R, can be ob-
tained by the Stokes—Einstein equation

with T, kg, and 7 being the absolute temperature,
the Boltzmann constant, and the solvent viscos-
ity, respectively.

Figure 3 shows the angular dependence of the
measured characteristic line-width distributions
G(I')s of the TFE-PMVE copolymer in the FC-75/
PP11 (96.0/4.0 wt %) mixed solvent at 25°C and
three different concentrations of 2.1 X 107%, 4.2
X 1074, and 6.7 X 10~ * g/mL, respectively. The
variance in the line-width distributions (uy/I")%)
did not show an apparent angular dependence.
However, the dilution of the solutions led to a
broadening of the line-width distribution. The u./
(I')? values were determined to be about 0.45,
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Figure 3 The angular dependence of characteristic
line-width distributions G(I") of the TFE-PMVE copol-
ymer in the FC-75/PP11 (96.0/4.0 wt %) mixed solvent
at T = 25°C and concentrations of 2.1 X 1074, 4.2
X 1074, and 6.7 X 10~* g/mL, respectively.

0.22, and 0.15 for solutions with concentrations of
2.1 X 1074 4.2 x 107%, and 6.7 X 10™* g/mL,
respectively. It could be found that all the four
distribution peaks were not symmetric at C = 2.1
X 10~* g/mL: a long tail of each distribution curve
showed up at the small I" value side (correspond-
ing to a large particle size). Therefore, the large
wo/{I)? value at the most dilute concentration of
2.1 X 10~ g/mL could be partially attributed to
the presence of a small amount of dust. By using
the uo/(I')? values of 0.15-0.22, the index of the
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molecular weight distribution (M,/M,) could be
estimated to be about 1.6-1.9 by using M,/M,,
~ (1 + 4,/ T)?). Such a polydisperse index value
means that the synthetic TFE-PMVE copolymer
has a relatively narrow molecular weight distri-
bution.

On the basis of eq. (5) the line-width distribu-
tions G(I') can be transferred to apparent trans-
lational diffusion coefficient distributions G(I'/g?).
From the Stokes—Einstein equation the G(I'/g?)
can be further transferred to a hydrodynamic ra-
dius distribution of G(R;,). Figure 4 shows a typ-
ical hydrodynamic radius distribution of the TFE-
PMVE copolymer in the FC-75/PP11 (96.0/4.0 wt
%) mixed solvent obtained at C = 4.2 X 10 *
g/mL, 6 = 60°, and T = 25°C. However, to elimi-
nate the interaction of the copolymer chains in
solution, an extrapolation to C — 0 and 6 — 0 is
necessary.

With line-width distributions G(I'/g®) obtained
at different concentrations and scattering angles,
we could calculate the average translational dif-
fusion coefficient (I'/g?). Figure 5 shows the dy-
namic Zimm plot of (I'/g?) values versus [sin%(6/2)
+ 6000C] for the TFE-PMVE copolymer in the
FC-75/PP11 (96.0/4.0 wt %) mixed solvent in the 60
range of 30—105° and the C range of 2.1 X 10~ * to
6.7 X 10~ * g/mL at 25°C. At low 6 values (e.g., 6
= 75°) the (I'/g?) values showed an angular de-
pendence, while at a high 6 region the angular
dependence of (I'/g?) could be neglected. In this

0.8 ]

Int. Func. Contr.

0.0 .

o1l TR W

L1l b1yl

1 10 100 1000 10000

R,/nm

Figure 4 The typical apparent hydrodynamic radius
distribution of the TFE-PMVE copolymer in the FC-75/
PP11 (96.0/4.0 wt %) mixed solvent obtained at C = 4.2
X 10™* g/mL, T = 25°C, and 6 = 60°.
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Figure 5 The dynamic Zimm plot of (I'/g%) versus
[sin%(6/2) + 6000C] for the TFE-PMVE copolymer in
the FC-75/PP11 (96.0/4.0 wt %) mixed solvent where T
= 25°C and C ranges from 2.1 X 107 * to 6.7 X 10~ *
g/mL.

study the angular extrapolations of (I/g?) to § — 0
were limited to 6 = 30-75°. A combination of
extrapolations of (I'/g%), .o c_o led to a D value of
(3.75 = 0.50) X 10~8 em?¥s. The corresponding
hydrodynamic radius R, of the copolymer in FC-
75/PP11 (96.0/4.0 wt %) mixed solvent was 41.3
+*40nmat § - 0,C — 0, and T = 25°C. Fur-
thermore, by using eq. (5) the slopes of (I'/g%), .,
versus C and (I'/g?)¢_, versus sin?(6/2) could give
us a k, value of —96 mL/g and an f value of 0.24.
The parameter %k, is related to the thermody-
namic interaction with the equation

kd=2A2Mw—kf—2v (7)

where 2A,M,, represents the thermodynamic in-
teraction term, k, represents the hydrodynamic
interaction term, and the 2v term (v is the partial
specific volume of solvated polymer chains) cor-
rects for the solvent backflow. For a dilute solu-
tion the value of v would be small and negligible.
Thus, a &, value of 157 mL/g was obtained, which
implied a substantial attractive hydrodynamic in-
teraction for the TFE-PMVE copolymer chains in
the FC-75/PP11 (96.0/4.0 wt %) mixed solvent at
25°C.

After obtaining the R, and R, values from
static and dynamic LLS, a value of 0.89 for the
ratio of R,/R, was found. This value is only
slightly larger than the value of 0.77 for a hard

sphere with uniform density, suggesting that the
TFE-PMVE copolymer chains exhibited a rela-
tively compact conformation in the FC-75/PP11
(96.0/4.0 wt %) mixed solvent at 25°C. The TFE-
PMVE copolymer was a random copolymer with
two components of TFE and PMVE segments on
the chains. The FC-75 solvent is selectively a good
solvent for PMVE segments, but it is not a good
solvent for TFE segments. Therefore, it was pos-
sible for the TFE segments to relatively contract
while the PMVE segments were relatively ex-
tended toward the solvent. Small globules of as-
sociated or crumpled TFE segments could be sur-
rounded by the soluble PMVE segments, result-
ing in a small R,/R,, ratio when compared with
the value of ~1.5 for a Gaussian coil chain.

Rheological Measurements

The data of complex viscosity (n*) versus fre-
quency (w) at different temperatures were super-
imposed using the ®Orchestrator time—temper-
ature superposition software (Rheometric Scien-
tific Inc.). A reference temperature of 300°C was
used to construct the master curve using shift
factors derived from the Williams—Landel-Ferry
equation. Figure 6 shows the complex viscosity as
a function of frequency at 250 and 300°C. The
zero-shear viscosity was estimated by fitting the
complex viscosity data to the Carreau viscosity
model:

le+6 p—rrmm——rrrm——r =

c —— 250°C | ]

i —=— 300°C | ]

let5 3 B

g f ;
S
£

* -
=

letd 3 E

let3 F | vt vl il i il e
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®/(rad/s)

Figure 6 Plots of the complex viscosity n* of the
TFE-PMVE copolymer versus frequency o obtained at
T = 250 and 300°C, respectively.



¥ = mo[1 + (Aw)]# ¢ (8)

where A, B, and C are fitting constants and 7,
corresponds to the zero-shear viscosity. The val-
ues of the zero-shear viscosity at 250 and 300°C
were 7.1 X 10° and 3.8 X 10* P, respectively.

The empirical equation of the zero-shear vis-
cosity with the weight average molecular weight
could be given by '°

no = k(M,)** 9)

where % is a constant that depends on the tem-
perature and polymer composition. With the M,
value from LLS measurements the values of £ can
be calculated by using eq. (9). The obtained %
values were 1.1 X 10~ '® and 6.0 X 10~ 2° at 250
and 300°C, respectively. With an appropriate %
value the M,, can be easily predicted for a copol-
ymer with the same composition through rheo-
logical measurements.

CONCLUSIONS

The TFE-PMVE copolymer containing 34.7 wt %
PMVE can be dissolved in a mixed solvent of
FC-75/PP11 (96.0/4.0 wt %) by using a special
solution preparation method. LLS can be success-
fully used to characterize the TFE-PMVE copoly-
mer because the solutions prepared by our
method provide a strong enough scattered inten-
sity. The studied TFE-PMVE copolymer has a
molecular weight of 7.1 X 10° g/mL and a molec-
ular weight distribution of M,/M,, of ~1.6-1.9. At
25°C the TFE-PMVE copolymer chains have sub-
stantial attractive hydrodynamic interactions
and show a compacted globule conformation in
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the FC-75/PP11 (96.0/4.0 wt %) mixed solvent. By
using an empirical equation of n, = k(M )>*, the
combination of light scattering and rheological
measurements enabled us to predict the molecu-
lar weight information for a given copolymer with
the same composition.
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